Monosialotetrahexosylganglioside (GM1) is a type of glycosphingolipid containing sialic acid that is closely related to cell-cell recognition, adhesion and signal conduction. GM1 is mainly composed of ceramide and oligosaccharide chains, and it is the only ganglioside that can permeate the blood-brain barrier.

Sialic acid is a generic term for the N- or O-substituted derivatives of neuraminic acid. It contains nine carbon atoms as a backbone, and is an acidic amino sugar with a pyranose structure. Different groups can be connected on carbon number 5, leading to various sialic acid derivatives. Sialic acid is widely found in the tissues of vertebrates, mammals, and various plants. It is an important part of glycoconjugates that are located on the cell surface. Sialic acid exists in the form of glycoside at the ends of the structures of glycoproteins and glycolipids, and has a variety of physiological functions. In animals, sialic acid mainly exists in the forms of N-acetyl-neuraminic acid and N-glycoloyl-neuraminic acid.

Sialic acid is also an important sugar component on erythrocyte membrane surfaces, as a terminal sugar residue in glycoproteins. In these functions, sialic acid participates in cell recognition, adhesion and contact inhibition. Sialic acid is a major determining factor in the survival of erythrocytes in the circulatory system, and exerts a crucial effect on the senescence of erythrocytes and the removal of senescent cells. Sialic acid content alters over the life-span of erythrocytes. The amount of sialic acid in young erythrocytes is higher than that in senescent erythrocytes. Sialic acid is a widely accepted marker of senescence of erythrocytes. Geng et al. (2008) investigated the protective effect of salidroside on erythrocytes in rat models after exhaustive swimming exercise. In his study, 32 male rats were randomly divided into blank control and experimental groups treated by salidroside at 100 mg/kg (low-dose group), 200 mg/kg (moderate-dose group) and 300 mg/kg (high-dose group). The results showed that the content of sialic acid in rat erythrocyte membranes was remarkably reduced, suggesting that exercise could accelerate the senescence of erythrocytes. Thus, erythrocytes could be easily identified and phagocytized. The reduction in sialic acid content in rat erythrocyte membranes is probably associated with nonspecific loss of membrane components, and probably induced by the direct reactions of free radicals with ends of glycoprotein sugar chains. The content of sialic acid in rat erythrocyte membranes was evidently elevated in the salidroside group, and sialic acid content was obviously higher in the high-dose group than in the low- and moderate-dose groups. These results indicate that salidroside could increase the sialic acid content in rat erythrocyte membranes after exercise, and reduce the changes in rat erythrocyte membrane components. Moreover, this increase may be positively correlated with dose.

In recent studies, Li et al. (2015) demonstrated that sialic acid content was increased on neuronal membranes in the sciatic nerve following chronic constriction injury, which increased the electrophoretic velocity in dorsal root ganglion neurons and this led to neuropathic pain.

Peripheral nerve injury can lead to ectopic spontaneous electrical activity of the soma and axon injury of the primary sensory neurons, which can cause neuropathic pain. Ectopic electrical activity resulted from membrane remodeling that occurred following an increase in the number of functional proteins on the membranes of injured neurons, and their ectopic accumulation. Therefore, Li et al. (2015) presumed that, with the increase in protein expression on the surfaces of neuronal membranes in the injured dorsal root ganglion, the amount of sialic acid, the negative charge, and the excitability of injured neurons would be increased. Thus, hyperalgesia and allodynia would appear.

Li et al. (2015) assumed that the increased sialic acid content in injured neurons would increase the negative charge, and that the electrophoretic towards the anode would be faster than that towards normal neurons in cell electrophoresis. The mobility of dorsal root ganglion neurons is consistent with the electrical activity of neurons and animal pain behavior. This suggests that drugs for treating pathological pain following peripheral nerve injury could be selected according to the changes in mobility in the hypersensitive dorsal root ganglion neurons in pathological pain models.

Ganglioside is glycosphingolipid containing sialic acid, and is strongly associated with intercellular adhesion and signal transduction. In particular, GM1 plays an important role in repair and regeneration following nerve injury. GM1 was first identified by Kroenke in 1935. GM1 is a component of normal cell membranes and accounts for 5% of cell membrane lipids. Its molecular formula is C~73~H~130~N~3~ NaO~31~ or C~75~H~134~N~3~ NaO~31~, and its molecular weight is 1,568.84 or 1,597.18. The concentration of GM1 is highest in the cerebral gray matter, making up approximately 730 nmol/g of brain tissue. GM1 is mainly located in the myelin sheath, neuronal cell membrane and axons. A previous study (Cotman et al., 1981) showed that the ganglioside content levels differed among 102 people, aged 20-102 years. Ganglioside content was low in aged patients, and dropped to 60% in those with the minimum content. This means that ganglioside is continuously lost during aging. The loss of ganglioside is also very apparent in patients with brain injury. Following nerve injury, exogenous GM1 in the blood binds to lipoprotein, enters the nervous system through the blood-brain barrier, becomes highly localized to the injury zone, and exerts neuroprotective effects through a variety of functions. Some of these functions include: neural remodeling in nerve cell membranes, enhancing nerve growth factor function, participating in the interactions between the nervous system and the environment and in nerve signal transmission, inhibiting lipid peroxidation, reducing the release of excitatory amino acids, and improving cerebral blood supply (Yu et al., 2012). Scientists found that ganglioside could remodel nerves, repair injured nerves by promoting dendritic growth, and maintain the normal operation of nerve networks in the brain (Garofalo, et al. 1992; Takebayashi et al. 2004). Ganglioside effectively regulated ion channels and stabilized the open times and probabilities of ion channels in the brain, ensured information transfer among neural networks, and contributed to nerve growth and development (Bremer et al., 1984; Brunda et al., 1993; Harder et al., 1998).

To assess the effects of exogenous ganglioside on acute ischemic stroke, Candelise and Ciccone (2001) performed a systematic analysis of the results of clinical studies in the Cochrane Stroke Group Trials Register. Specifically, they reviewed 12 clinical trials involving 2,265 patients. Three trials described how randomization procedure was used, and follow up time was 15-180 days. At the end of follow up, no significant difference in the number of deaths was detected (odds ratio \[*OR*\] 0.91, 95% confidence intervals (*CI*) 0.73 to 1.13). The results did not suggest that injection of ganglioside within 48 hours could obtain better clinical effects compared with delayed treatment. Three trials also revealed that ganglioside did not improve Barthel index scores (weighted mean difference 2.1; 95%*CI* −4.8 to 8.9). In two trials, eight patients had adverse reactions and treatment was withdrawn. Seven patients suffered from skin reactions. One patient experienced Guillain-Barre syndrome. The authors considered that the evidence was not sufficient to verify the beneficial effect of ganglioside on acute ischemic stroke. They also suggested that we should pay close attention to adverse reactions after treatment with ganglioside.

In the North American Clinical Trial Registry, there were 21 registered projects related to ganglioside. Only one project addressing ganglioside for the clinical treatment of nervous system diseases has been finished. In that study (NCT00037830), Schneider et al. (2013) performed a randomized, controlled, delayed-start trial of GM1 for Parkinson\'s disease. Seventy-seven subjects with Parkinson\'s disease aged 39-85 years were randomly assigned to an early-start group (GM1 for 120 weeks) or a delayed-start group (placebo for 24 weeks followed by GM1 for 96 weeks). At 1 and 2 years after treatment, washout evaluations were conducted. Seventeen additional subjects who received the standard of care were followed for comparative information about disease progression. The primary outcome was the change from baseline in the Unified Parkinson\'s Disease Rating Scale motor scores. The results showed that, at 24 weeks, Unified Parkinson\'s Disease Rating Scale motor scores were lower in the early-start group than in the delayed-start group. At 72 and 120 weeks, a sustained improvement was found in the early-start group. Symptoms were evidently worsened in both groups during washout. GM1 use for 24 weeks was superior to placebo for improving motor symptoms, and extended GM1 use (for up to 120 weeks) resulted in a lower than expected rate of symptom progression. The data from this study suggest that GM1 may have symptomatic and potentially disease-modifying effects on Parkinson\'s disease. The mechanisms of action underlying the nerve protection and nerve repair effects of ganglioside remain poorly understood. The future studies should be carried out to investigate whether the neuroprotective mechanisms are associated with the structural and functional regulation of lipid rafts.

The present article summarized the neuroprotective effects of GM1. With further, in-depth study, the molecular mechanisms underlying the neuroprotective effects of ganglioside can be clarified and provide a solid foundation for clinical research. Moreover, well-designed, randomized controlled trials will open up new prospects for the clinical use of ganglioside.
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